ABSTRACT: For experiments at the European X-Ray Free-Electron Laser (XFEL) the Adaptive Gain Integrating Pixel Detector (AGIPD) is under development. The particular requirements include a high dynamic range of 0, 1 to more than 10 4 photons of 12.4 keV per pixel within an XFEL pulse of less than 100 fs duration, and a radiation tolerance for doses up to 1 GGy for 3 years of operation. AGIPD is a hybrid-pixel detector system with a total of 1024 × 1024 pixels of size 200 µm × 200 µm. AGIPD will use 16 p + n-silicon sensors of 500 µm thickness. The nominal operating voltage is 500 V, however, for special applications operation close to 1000 V should be possible. Experimental data on the X-ray-dose dependence of the oxide-charge density and of the surface-current density have been implemented in the SYNOPSYS TCAD simulation program in order to optimize the design of the pixel and guard-ring layout. The methodology of the sensor design, the optimization of the most relevant parameters, and the optimized layout are described. Finally, the simulated performance, in particular the breakdown voltage, dark current and interpixel capacitance as function of the X-ray dose are presented.
Introduction
For experiments at the European X-Ray Free-Electron Laser (XFEL) the Adaptive Gain Integrating Pixel Detector (AGIPD) is under development [1, 2] . It is a hybrid-pixel detector system with 1024 × 1024 p + -pixels of dimensions 200 µm × 200 µm, built of 16 p + n-silicon sensors, each with a sensitive area of 10.52 cm × 2.56 cm and a thickness of 500 µm. The particular requirements include a dynamic range of 0, 1 to more than 10 4 photons of 12.4 keV per pixel for a pulse duration of less than 100 fs, negligible pile-up at the XFEL repetition rate of 4.5 MHz, and operation for X-ray doses up to 1 GGy in 3 years [3] .
The paper describes the optimization of the AGIPD sensor, its final design and expected performance. After a short summary of results on X-ray radiation damage, the methodology of the optimization of the guard-ring structure and of the pixel layout using the SYNOPSYS TCAD [4] simulation program is presented. Finally, the optimized technological parameters and sensor layout, as well as the expected sensor performance, in particular the breakdown voltage, dark current and inter-pixel capacitance as function of X-ray dose are discussed. Based on the results of the simulations it is concluded that the AGIPD specifications can be met.
X-ray radiation damage of segmented silicon sensors and TCAD simulation
For 12.4 keV photons the maximum energy transfer to silicon atoms is well below the threshold energy of 21 eV for bulk damage [5] . Therefore, no bulk damage is expected, however surface damage will occur. The X-rays produce electron-hole pairs in the SiO 2 . Whereas most of the electrons will leave the oxide, the holes, which have a much lower mobility than the electrons, will produce positive charges in the oxide or Si-SiO 2 -interface states [6] .
In the case of a p + n sensor the radiation-induced positive oxide charge will produce a sharp bending of the p + -depletion boundary near the Si-SiO 2 interface, resulting in a high electric field and a reduced breakdown voltage. In addition, an electron-accumulation layer forms, which prevents the depletion of the silicon below the SiO 2 and which causes an increase of the inter-pixel capacitance and charge losses.
The charge states of the Si-SiO 2 interface traps with energies in the Si-band gap depend on the trap type, their energies and the position of the Fermi level. They are responsible for the surfacegeneration current from regions where the Si-SiO 2 interface is depleted and thus exposed to an electric field.
Measurements on test structures (MOS capacitors and gate-controlled diodes) have been used to determine the dose dependence of the density of oxide charges N ox , and the surface-current density J sur f . The results are shown in figure 1 [7, 8] . In order to obtain reproducible results after irradiation, the test structures had to be annealed for 10 minutes at 80 • C [7] . It is found that N ox increases with dose and saturates for doses above ≈ 10 MGy. The values for MOS capacitors from different vendors and for different crystal orientations show a spread of about a factor 2. In addition, annealing is observed already at room temperature [8] . J sur f also increases up to ≈ 10 MGy and then drops to lower values. The reason for this drop is not understood and still under study.
The values which were used in the TCAD simulations are indicated in the figure as circles. In the simulations it was assumed that N ox is uniformly distributed along the Si-SiO 2 interface. For the generation of the surface current the surface-recombination velocity s 0 = J sur f /(0.5 · q 0 · n i ) with the elementary charge q 0 and the intrinsic charge-carrier density n i , was used. Details on the models for the device simulation and for the scaling of the 2D results to 3D for the pixels, can be found in [9] . The breakdown voltage was determined by the criterion
with the gradient of the current-voltage curve dI/dV , and the ratio of the current to voltage I/V . 
Sensor optimization
Based on detector and science simulations [10] , the AGIPD collaboration has specified the sensor parameters to be achieved for doses from 0 to 1 GGy listed in < 500 fF total sensor dark current@500V < 50 µA Table 1 . Specifications for the AGIPD sensor for X-ray doses between 0 and 1 GGy
The parameters which have been optimized in the design of the sensor, some which are shown in figure 2, are for the pixels the gap, aluminum (Al) overhang and radius of p + n junction and Al layer at the corners, for the guard-ring structure the number of rings, implantation widths, spacings and Al overhangs, and for the process parameters the depth of the junctions and the oxide thickness. The performance parameters which have been optimized for doses between 0 and 1 GGy are the breakdown voltage, the leakage current and inter-pixel capacitance for the pixels, and the breakdown voltage and the voltage drop between the individual guard rings for the guard-ring structure. Moreover, it has been ensured that the depletion boundary does not touch the scribe line.
The strategy applied for the optimization can be summarized as follows:
• Guard ring (GR) optimization (2D simulations in (x,y) for the straight edges and in (r,z) for the corners):
1. Optimize the breakdown voltage V bd without guard ring (0 GR -only CCR) for different values of N ox (5 × 10 10 , 10 11 , 10 12 , 2 × 10 12 , and 3 × 10 12 cm −2 ) as function of oxide thickness, junction depth and Al overhang.
2. Estimate the number of floating GRs required for V bd = 1000 V.
3. Vary the spacing between GRs, junction widths and Al overhangs, to achieve the maximum V bd for a minimum width of the GR structure. This was achieved when the maximum electric fields in the gaps between the guard rings are approximately the same.
• Pixel optimization (2D simulations in (x,y)):
1. Optimize the oxide thickness, Al overhang, gap and junction depth with respect to breakdown voltage, dark current and inter-pixel capacitance.
2. Extrapolate the dark current and inter-pixel capacitances to 3D values. In addition, a deeper p + n junction results in a lower field at the edge of the junction, thus further increasing the breakdown voltage. From the curves of N ox = 3 × 10 12 cm −2 shown in figure 3 , we conclude that the optimum value of the oxide thickness is 230 nm for a junction depth of 1.2 µm, and 270 nm for 2.4 µm. The corresponding breakdown voltages are between 70 and 80 V. This leads to the estimate that 15 floating GRs and a CCR are required to achieve a sensor-breakdown voltage of ≈ 1000 V.
After choosing a junction depth of 2.4 µm, an oxide thickness of 250 nm, and performing step 3 of the GR-optimization procedure, the following parameters for the optimized guard-ring structure have been determined: • Gap between pixels and CCR: 20 µm.
• Width of the p + n junction of the CCR: 90 µm.
• Al overhang of CCR: 5 µm.
• Gap between CCR and 1st GR: 12 µm.
• Widths of the p + n junctions of the GRs: 25 µm.
• Al overhangs towards pixel for GRs 1-15: 2, 3, 4,..., 16 µm.
• Al overhangs away from pixel for GRs 1-15: 5 µm.
• Gaps between GRs 1-2,2-3,...,14-15: 12, 13.5, 15, ... 33 µm.
A printout of the GDS file of the optimized guard-ring design is shown in figure 5 left. The simulated breakdown voltages V bd of this structure for N ox values of 1 × 10 12 , 2 × 10 12 and 3 × 10 12 cm −2 and for different resistivities of the silicon are given in table 2. Shown are the results of 2D simulations in Cartesian coordinates (x,y) for the straight section of the guard rings, and in polar coordinates (r,z) for the corners. Given, that already ∼ 600 000 grid points are required for the 2D simulations, a 3D simulation of the guard-ring structure is not feasible. The results show that the minimum breakdown voltage is 830 V for a resistivity of 3 kΩ·cm and N ox of 2 × 10 12 cm −2 . The breakdown voltage is above 900 V for resistivities of 5 and 8 kΩ·cm. Additional simulations with N ox of 5 × 10 10 cm −2 show that in the specified resistivity range of 3 to 8 kΩ·cm the depletion region does not touch the scribe line for voltages below 990 V. With increasing N ox the extension of the depletion region towards the scribe line decreases. Table 2 . Results of the 2D simulations in Cartesian and polar coordinates of the breakdown voltage as function of the surface density of oxide charges and bulk resistivity for the optimized guard-ring design.
Pixel
Because the pixel optimization is published in [9] , here we only show that with above process parameters (junction depth of 2.4 µm, oxide thickness 250 nm) and geometry parameters (gap of 20 µm, Al overhang of 5 µm, radius of junction of 10 µm and radius of the Al layer of 12 µm) the specification of table 1 are met. A printout of the GDS file of the optimized pixel layout is shown in figure 5 right.
In figure 4 the I-V curves for 2D (x,y) simulations and for 3D simulations of a quarter of a pixel are plotted for the values of N ox and J sur f given in table 3 for a resistivity of 5 kΩ·cm. The currents are scaled to the pixel size of 200 × 200 µm 2 . The breakdown voltage of the pixels for this design is above 1000 V. The difference in the voltage dependence of the currents between the 2D and the 3D simulations for high N ox values is due to the shape of the electron-accumulation layer at the corners of the pixel: The surface current is given by the product of the surface-current density times the area of the depleted surface at the Si-SiO 2 interface. The corners of the pixels can only be properly simulated in 3D. The inter-pixel capacitance C int , the sensor dark current I sensor and the CCR dark current I CCR are listed in Table 3 . Simulated values of the inter-pixel capacitance C int , the sensor dark current I sensor and the CCR dark current I CCR at 500 V.
Summary
Experimental results on the dose dependence of the surface density of oxide charges and the . GDS printouts of the optimized layout of the AGIPD sensor. Left: From bottom left to top right one sees the scribe line, the scribe-line implant, the 15 guard rings (GR15 to GR1), the current-collection ring (CCR) and finally 6 pixels. Right: Pixel layout with the 21 vias which connect the Al to the p + implant, and the opening in the oxide for bump bonding (center bottom). At the periphery, the edge of the p + -implantion widow and the Al overhang can be seen.
surface-current density have been implemented in the SYNOPSYS TCAD simulation program and the design of the pixel and guard-ring layout for the AGIPD sensor has been optimized. The TCAD simulations show that the optimized sensor design meets the specifications for the AGIPD, in particular breakdown voltage, dark current and inter-pixel capacitance.
